The formation of coarse columnar austenite grain (CCG) structure is one of the serious problems in continuous casting processes of peritectic solidified carbon steels.
Introduction
As-cast -austenite grain structures in continuously cast slabs of peritectic solidified carbon steels consist of coarse columnar grains (CCGs) in the vicinity of the slab surface [1, 2] . The formation of CCGs deteriorates the hot ductility of the slabs and it causes the occurrence of surface cracking [3] [4] [5] [6] . It was reported that the surface crack propagates along the grain boundary of CCGs [3] and the depth of the surface crack is affected by the major axis diameter of CCGs. Hence, it is necessary to precisely control the as-cast  grain structure so as to produce equiaxed  grains (EGs) instead of CCGs. However, such microstructure control has been a longstanding issue remaining unresolved in the field of casting of steels, because there has been no reliable guiding principle established for the avoidance of the formation of CCGs.
The mechanism of formation of CCGs in hyperperitectic carbon steels was investigated in our recent works [7, 8] using rapid unidirectional solidification equipment which realizes the cooling conditions similar to those near the slab surface in the practical continuous casting. The schematic illustration of the microstructure during the formation process of CCGs is shown in Fig. 1(a) . It was found that during the formation process of CCGs, fine columnar  grains (FCGs) always exist ahead of the CCGs growing along the temperature gradient (y direction). The change from the FCG to CCG structure is discontinuous and the boundary between these two regions can be recognized very clearly [7] . This boundary is called the FCG/CCG region boundary (FCRB) in this paper. The temperature at the FCRB is always close to a temperature for completion of transformation to  single phase, T  , during the solidification. Hence, the FCG region corresponds to the liquid +  two-phase field, while the CCG region is in  single-phase field. The short axis diameter of FCGs is comparable to the primary dendrite spacing or distance between the dendrite trunks of the  phase, because the interdendritic liquid phase in the FCG region inhibits the growth of FCGs along the short axis direction. As the cooling proceeds, the position of T  moves away from the mold side (y direction) and the liquid phase accordingly disappears in this region. The FCRB then moves away from the mold side, which corresponds to the growth of CCGs and the shrinkage of FCGs. This process is characterized as the discontinuous grain growth [7] . It is noted that this process was observed in hyperperitectic carbon steels where the peritectic reaction and transformation take place during cooling [7, 8] . When the carbon concentration becomes high, for example, when it is higher than 0.43 mass% C in the rapid unidirectional solidification experiment, the as-cast  grain structure is entirely determined by  solidification process because the preferential growth of  dendrite instead of  dendrite takes place [8] . Hence, the discontinuous growth does not arise in this case. The main concern in this paper is the former case, viz., the hyperperitectic carbon steels where the peritectic reaction and transformation takes place because these steels are more prone to exhibiting coarse  grain structures.
As described above, the formation of CCGs is ascribable to the occurrence of discontinuous grain growth from the FCG structure. It is therefore necessary for the prevention of the CCG formation to elucidate the condition for the discontinuous grain growth to take place. In our recent study [9] , the formation process of CCGs from FCGs was examined by means of phase-field simulations for the grain growth. It was shown that although the continuous grain growth yields the EG structure, the discontinuous grain growth results in the CCG structure, which is in agreement with the experimental finding [7, 8] . Furthermore, we derived the critical condition for the discontinuous growth to start and continue, which is given by [9] ,
where V T is the migration velocity of T  position called the thermal velocity, d FCG is the short axis diameter of FCG and  is a parameter determined by the local shape of FCRB.
M(T  ) is a kinetic constant for the grain growth at T  , which is closely related to the grain boundary mobility. When the temperature gradient is extremely high, correction due to the temperature gradient is required for M(T  ) [9] but this correction is not necessary in usual casting conditions and also in the present case. This equation will serve as the guiding principle for the prevention of the CCG formation. One can design the cooling condition and/or chemical compositions of steels based on Eq. (1) so as to obtain the EG structure instead of the CCG structure.
It should be pointed out that the critical condition given by Eq. (1) was verified only by the phase-field simulations for the grain growth without considering the full details of the solidification processes. For simplicity, an effect of the liquid phase on the motion of FCRB was omitted in the derivation of Eq. (1), while the liquid phase always exists near the FCRB during the formation process of CCGs [7] . In reality, therefore, the effect of the liquid should not be negligible and, in this respect, the critical condition needs to be reexamined. More importantly, the validity of the critical condition, Eq. 
Critical condition of CCG formation
In the previous work [9] , the critical condition given by Eq. (1) was derived and analyzed based on the phase-field simulations for the CCG formation. For the sake of convenience, an effect of the liquid phase on the motion of FCRB was omitted in the simulations and the condition of Eq. (1) was accordingly derived without considering such an effect. In reality, however, this effect may not be negligible as discussed later. In this study, we take this effect into consideration and modify the critical condition. For the clear exposition, our discussion starts with the derivation of Eq. (1) without the effect of liquid phase on the motion of FCRB.
According to the theory developed by Humphreys [10] , the discontinuous grain growth takes place when the grain boundary mobility of a (coarse) grain is higher than that of the other (fine) grains. During the formation process of CCGs, the grain boundary mobility of FCGs should be extremely small as long as there is the liquid phase exerting the strong pinning force on the growth of FCGs. As the cooling proceeds, the liquid phase disappears and the pinning effect accordingly vanishes in the FCG region. Then, the mobility of FCGs becomes higher than that of CCGs, because of the higher temperature in the FCG region. Hence, when V T is lower than the velocity of FCRB moving away from the mold V CCG , the discontinuous grain growth occurs, because the growth of FCGs does not take place ahead of the growing CCGs. On the other hand, when V T > V CCG , the FCGs can grow before the migration of FCRB, thus preventing the CCGs from growing. Therefore, it should be reasonable to postulate that the critical condition for the CCG formation is given by . The migration velocity of FCRB, V CCG , corresponds to the velocity of shrinkage of FCGs. Based on the theory of the grain growth developed by Hillert [11] , the relation ⁄ can be derived [9] where r is the curvature radius of the The substitution of Eq. (2) into the relation yields the critical condition of the CCG formation given by Eq. (1).
In our previous study [9] ,  1 and  2 were determined from the local shape of When the same argument is applied to  1 , it can be estimated to be  1 ≅ 0.87. In the previous numerical study [9] , q was approximated by q ≅  1/2 /3 1.25 based on a consideration of geometry of grains and, finally,  was calculated to be  = 0.78. It was shown in the previous work [9] that the critical condition given by Eq. (1) is completely consistent with the results of the phase-field simulations for the CCG formation.
In the discussion about V CCG described above, the existence of liquid phase is ignored. However, when V T is close to V CCG , the liquid phase exists near the FCRB and the local shape of FCRB is not determined by the local equilibrium at the triple junction of the grain boundaries. Figure 2 (a) schematically represents the FCRB on x-y plane when the liquid phase exists. The energetically unfavorable triple junction should be covered by the liquid phase and the FCRB thereby contacts with the liquid phase directly. In order to discuss the local shape of FCRB precisely, it is necessary to know relative magnitudes of the grain boundary energy  g and the -liquid interfacial energy  /L . Although it is generally considered that the relation  g >  /L is satisfied [12, 13] , these exact values are not known for the hyperperitectic steels of our concern. For simplicity, the present discussion is given for the case of  g < 2 /L where the infiltration of liquid phase into the grain boundary does not arise. In addition,  g and /L are assumed as isotropic. As shown in Fig. 2(b) , there exists the triple junction consisting of the FCRB and two -liquid interfaces. In this case, the contact angle between the FCRB and the -liquid interface is denoted by  T . When the liquid phase disappears upward at the velocity V T , the FCRB can move at the same velocity as long as the curvature radius of FCRB is sufficiently small. On the other hand, when the curvature radius of FCRB is not small, the FCRB seems not to be able to move at V T . In this case, however, the FCRB should be elongated and curved in accordance with the migration of the triple junction as shown in Fig. 2(c) . Consequently, the curvature radius of the FCRB decreases and V CCG thereby increases. In the extreme case, the triple junction should be located at the end edge of the disappearing liquid phase and the curvature radius of the FCRB is as small as the radius of circumscribed circle of the regular hexagonal FCG, viz., r = a. In this case,  is estimated to be  = 0.45. This gives the maximum velocity of V CCG which is roughly twice as high as that for  = 0.78. When V T becomes higher than this maximum velocity, the FCRB leaves the liquid phase and touches the neighboring FCRB, forming the triple junction of the grain boundaries. Then, the discontinuous grain growth ceases because the grain growth of FCGs takes place ahead of CCGs.
As discussed above, the motion of FCRB should be accelerated by the disappearance of liquid phase contacting with the FCRB. As reported elsewhere [14] , the occurrence of this acceleration is actually confirmed by the phase-field simulations.
Although some simplifications were introduced in the above-mentioned discussion and, 
Experimental and numerical procedures
In order to test the validity of Eq. (1) was selected for the microstructural observation. It is allowed to take into account only the one-dimensional heat flow in the thickness direction on this selected area [15] . This area was polished and etched with 3% nital and Oberhoffer's solutions to observe the as-cast  grain and dendrite structures, respectively. In addition to the metallographic investigation, the temperature measurements were carried out during the casting processes. The cooling curves at the different positions in the samples were preliminarily monitored by setting B-type thermocouples inside the samples at 1 and 6 mm away from the mold in the metallic-metallic mold casting, 1 mm away from the mold in the ceramic-ceramic mold casting and 1 mm away from the metallic mold and 4 mm away from the ceramic mold in the metallic-ceramic mold casting. These cooling curves at the different positions were utilized to obtain the heat-transfer coefficients for numerical simulations of the heat conduction process. The standard heat conduction equation including the effect of latent heat [16] was solved in a one-dimensional system consisting of the cast and molds based on the equivalent heat capacity method. The mesh size was set to x = 5 10 -6 m and the heat capacity and the latent heat were obtained from the CALPHAD method with PanIron database [17] and the other parameters were taken from Refs. [16, 18] . By means of the numerical simulations thus described, the behavior of V T in each casting experiment was analyzed.
Results and discussion

As-cast  grain and dendrite structures
The as-cast  grain and dendrite structures in the same region of the sample cast in the ceramic-ceramic mold are shown in Figs. 3(b) and (c), respectively. The bottom and top parts of these figures corresponds to the mold sides. In Fig. 3(b) , some grain boundaries are traced by thin lines for visual aid. The position where the structure changes from the CCG to EG is indicated by the thick line and, hereafter, this position is called the transition depth. The CCGs form near the mold side, while the EGs form in the center region. In Fig. 3(c) , the dendrite structure consists of the columnar dendrites developing inward from the mold side and the equiaxed dendrite in the center region.
The position of the transition between them is indicated by the thick line in Fig. 3(c) . It is clearly observed that the CCG region does not exactly corresponds to the region of the columnar dendrite. For example, when the top-left part of these structures are considered, the CCGs stop growing inward at about 4 mm depth from the mold side (top side), whereas the columnar dendrites develop inward up to about 7 mm depth from the mold side.
The discrepancy between the  grain and dendrite structures is more evident in the sample cast in the metallic-ceramic mold as shown in Figs. 4 (a) and (b). The bottom and top sides of these figures correspond to the metallic and ceramic mold sides, respectively. In this sample, the CCGs develop from the metallic mold, while the only EGs form in the ceramic mold side. The transition depth is located near the center of the sample. On the other hand, the columnar dendrite develops from both sides in Fig. 4(b) .
Although the columnar dendrite region in the ceramic mold side is shorter than that in the metallic mold side, the columnar dendrite region extends to more than 3 mm depth from the ceramic mold. The magnified views of the structure near the ceramic mold are shown in Figs. 4(c) and (d). It is clearly seen that the long columnar dendrite develops in this region, while the  grains are equiaxed and the grain diameter is shorter than the dendrite length. Hence, it is understood that there is no correlation between the shapes of  grains and dendrites. This fact supports that the CCGs form by the discontinuous grain growth mechanism.
Although not shown here, the structures in the metallic-metallic mold casting are similar to those in the ceramic-ceramic casting. The transition depths are different in the samples cast in the different molds. The critical condition given by Eq. (1) is considered to be realized at the transition depth in each casting condition. These transition depths are compared with the calculated behavior of V T below. Fig. 5 shows the average distance between the dendrite trunks  measured from the microstructural observations. In Fig. 5(a) , the values of  in the metallic-metallic mold casting are always lower than the values in the ceramic-ceramic mold casing, which can be explained by the higher cooling rate in the former case. The distribution of  in the metallic-ceramic mold casting is asymmetric as shown in Fig. 5(b) . It is noted that  is essentially determined by the cooling condition during the  solidification process. The cooling condition is not significantly asymmetric in the very beginning of the solidification and accordingly the distribution of  in Fig. 5(b) is not saliently asymmetric compared with the behavior of V T . This is consistent with the fact that the columnar dendrites develop from the ceramic mold as well as the metallic mold (Fig. 4(b) ). The critical value of d FCG at the transition depth was estimated to be d FCG = 140 m in the metallic-metallic mold, 160 m in the ceramic-ceramic mold and 200 m in the metallic-ceramic mold casting.
Behavior of the thermal velocity
Test of the critical condition
The critical values of V T and d FCG were estimated for each casting condition as 
Summary
The formation of coarse columnar  grain (CCG) structure in peritectic solidified carbon steels is one of the serious problems in the field of casting of steels.
There has been no guiding principle developed to avoid the formation of CCGs. Our recent works revealed that the CCGs form by the discontinuous grain growth from fine columnar  grains (FCGs) [7, 8] . Furthermore, it was shown by the phase-field simulations that the CCG formation by the discontinuous growth takes place when V T V CCG is satisfied [9] . Here, V T is the migration velocity of T  position and V CCG is the migration velocity of the FCG/CCG region boundary (FCRB) and it is given by V CCG = M(T  )/(d FCG ) from the theory of the grain growth. The critical condition for the formation of CCGs was then put forward as given by Eq. (1). However, the effect of liquid phase on V CCG was omitted in the previous numerical work [9] and, importantly, the experimental verification of Eq. (1) was lacking. In this study, the critical condition was reevaluated by taking the effect of the liquid phase into account, which yields the modification in the value of  related to the shape of FCRB. Then, the validity of the modified critical condition was tested by means of three casting experiments with different molds and it was successfully substantiated.
It should be pointed out that as reported in our previous work [8] , the formation of CCG does not take place by the mechanism of discontinuous grain growth in hyperperitectic carbon steels having high carbon concentrations, more specifically higher than 0.43 mass% C in the cooling conditions similar to those in practical continuous casting. In such steels having high carbon concentrations, the formation of columnar  grains originates from the preferential growth of  dendrite instead of  dendrite. As a result, the as-cast  grain structure is closely related to the size and shape of  dendrites [8] . In this case, Eq. (1) cannot be utilized. The present findings should be applied to peritectic solidified steels having lower carbon concentrations which are more prone to exhibiting the coarse columnar  grains due to the discontinuous grain growth. Hence, Eq. (1) is applicable to such peritectic solidified steels. We expect that [19] 
